Sludge with low organic content always results in an unsatisfactory performance, even failure of anaerobic digestion. The alkaline pretreatment effect on anaerobic digestion of sludge with low organic content has seldom been studied although it gives many benefits for sludge with high organic content. In this study the influence of alkaline pretreatment (pH 10, an effective alkaline pH) on the solubilization and methane production from waste activated sludge (WAS) with low organic content was investigated. Results from biochemical methane potential (BMP) experiments showed that anaerobic biodegradability of WAS was greatly improved by alkaline pretreatment at pH 10.
INTRODUCTION
Anaerobic digestion has been used as an emerging method for the stabilization of primary sludge (PS) and waste activated sludge (WAS), leading to energy recovery in the form of biogas production. The low organic content and solubilization rate of sludge, however, are the main obstacles for the high efficiency or success of anaerobic digestion in many countries, especially in south China where the average ratio of volatile to total solids (VS/TS) of sludge is around 0.38 due to the shortage of carbon sources in the influent and the wide application of the biological nutrient removal (BNR) process in wastewater treatment plants (WWTPs). The demand for better performance of anaerobic digestion has prompted the need for pretreatment methods which can improve the solubilization and digestibility of organic matter in sludge. Current sludge pretreatment methods include mechanical (Climent et On the basis of comparisons extracted from previous studies, alkaline treatment has many advantages, such as simplicity, convenient operation, and high efficiency (Cai et al. ) . Usually, alkaline treatment destroys floc structures and cell walls of sludge by hydroxy anions, especially the high pHs resulting in natural shape loss in proteins, hydrolysis of carbohydrate and saponification of lipid. After the destruction of extracellular polymer substances (EPS), the cell walls of microorganisms, being exposed to a high pH, cannot withstand the appropriate turgor pressure, leading to the disruption of cells and the release of intracellular organic matter. Thus, alkaline pretreatment may give many benefits for sludge with a wide range of organic content (the ratio of VS/TS from 0.30 to 0.80).
In the literature, almost all alkaline pretreatments used to improve the solubilization and anaerobic biodegradability focused on sludge with high organic content (VS/TS ! 0.50) (Cai et . Most of the above investigations exhibited an increase in methane production and decrease in VS, and the preferred reagent, in most cases, was NaOH, which was reported to yield greater solubilization efficiency than Ca(OH) 2 (López Torres & Espinosa Lloréns ). Till now, however, the effect of alkaline pretreatment, especially pH 10 which has been demonstrated to be effective for sludge treatment (Yuan et al. ) , on the fate of organic substrates from sludge with low organic content and its methane potential is still unknown. The evaluation of the alkaline pretreatment effect on anaerobic digestion of WAS with low organic content was expected to give some enlightenment on the treatment and disposal of WAS in many countries, especially in south China.
Thus, the purpose of this paper was to investigate the influence of alkaline pretreatment at pH 10 on the solubilization of organic matter in WAS with low organic content and its anaerobic biodegradability, by evaluating the potential of methane production. Also, the mechanisms for the improved solubilization and methane production from WAS with low organic content by alkaline pretreatment at pH 10 were explored.
MATERIAL AND METHODS

Source of WAS
The WAS used in this study was obtained from the dewatering building of a municipal WWTP in Yancheng, Jiangsu Province, China, where the water content of WAS was about 78-85%. The water content of WAS, which was stored at 4 W C, was promoted to 90% by the addition of distilled water when being used. The main characteristics of WAS used for methane production are listed in Table S1 (see Supporting Information, available online at http:// www.iwaponline.com/wst/068/403.pdf). It can be seen that protein, carbohydrate and lipid and oil were the main organic matter, and the ratio VS/TS was only 0.38, indicating that the WAS used in this study had a low organic matter content.
Alkaline pretreatment on solubilization of WAS with low organic content
The WAS used for solubilization experiments by alkaline pretreatment was divided into seven groups. The first group fed with the unpretreated sludge was set as the control. From the second to seventh group, all pHs of sludge were adjusted to 10 by adding 5 mol/L NaOH. The solubilization trials were carried out in 200 mL plexiglas reactors with working volume of 150 mL each at ambient temperature (25 W C) under anaerobic conditions. A stirring magnet bar was used to ensure the sufficient mixing to prevent the sludge from settling and dispersion of the alkali. The pretreatment time from the second to seventh group was controlled at 0.5, 1, 2, 4, 8 and 12 h, respectively. After alkaline pretreatment, the main characteristics of WAS in all seven groups were measured, and their pHs were adjusted to neutral by adding 2 mol/L HCl for the following biochemical methane potential (BMP) experiments. All the pretreatment and anaerobic digestion experiments were conducted in triplicate and one way analysis of variance (ANOVA) at 0.05 level was used to analyze the data.
Anaerobic biodegradability evaluation of WAS by BMP experiments
Anaerobic biodegradability of the pretreated WAS with low organic content was evaluated by using a modified BMP test, as previously described by Angelidaki et al. () . During the BMP experiments, seven serum bottles were fed with pretreated or unpretreated sludge as the substrate and 20 mL of inoculum, and the ratio of substrate and inoculum (S/X) was about 5/1. Anaerobically digested sludge from a mesophilic anaerobic digester in WWTP at Bailonggang, Shanghai, China was used as the inoculum, which was maintained in an incubation chamber (35 W C) for 7 d to decrease the amount of residual chemical oxygen demand (COD), and then centrifugated to obtain a VS concentration of about 100.0 g/L. Prior to the introduction of inoculum and sludge, the serum bottles were flushed with nitrogen at a flow rate of approximately 0.5 L/min for 10 min, then sealed and placed on a continuous shaker in a 35 W C incubator. The gas produced in this study was collected by the water displacement method. In this study the methane yield was reported as the amount (millilitres, standard temperature and pressure (STP)) of methane generated per gram of VS (mL/g VS) unless otherwise stated. The bottles with the inoculums but without any substrate (blanks) were tested to monitor the methane production of the residual COD. Net methane production potential or yield was calculated by subtracting the blank methane production. The assays of ATP concentration and activities of key enzymes involved in anaerobic digestion systems were conducted when methane production reached the maximal. Seven semi-continuous-flow reactors with working volume of 4.0 L were operated for microbial analysis. The substrate for methane production was the WAS with low organic content pretreated at pH 10 for different times, and the temperature and pH were the same as those in the BMP experiments. Every day, 200 mL of fermentation substrate was manually withdrawn from the reactor and the same amount of new pretreated sludge was added, which resulted in a hydrolytic retention time (HRT) or solid retention time (SRT) of 20 d. After operation for almost 3 months, the yield of methane from WAS remained stable, and then the microbial analysis was conducted.
Analytical methods
Sludge samples from the reactors were immediately filtered through a Whatman GF/C glass microfiber filter (1.2 μm pore size). The filtrate was analyzed for soluble COD (SCOD), protein, carbohydrate and short-chain fatty acid (SCFA), and the filter was assayed for TS and VS. The analyses of COD, biochemical oxygen demand (BOD), total Kjeldahl nitrogen (TKN), TS and VS were conducted according to Standard Methods (APHA ). The soluble protein was determined by the Lowry-Folin method with bovine serum albumin (BSA) as standard (Lowry et al. ) . The total protein content of the sludge was estimated from the corresponding TKN concentration by subtracting the inorganic nitrogen concentration and dividing the difference by 0.16, then multiplying the result by 1.50 (Feng et al. ) . Carbohydrate was measured by the phenol-sulfuric method with glucose as standard (Herbert et al. ) . Sludge lipid was extracted by the Bligh-Dyer method from the acidification sample, and then measured gravimetrically after the solvent was evaporated at 80 W C. The measurement of SCFA was the same as that described in the previous publication (Feng et al. ) .
Methane content in the biogas produced from sludge was determined by gas chromatography (GC) according to the method described by Zhuo et al. () . Typically, a GC (SHI-MADZU) equipped with a thermal conductivity detector (TCD) and a 1.8 m × 3.2 mm stainless-steel column packed with porapak Q (80/100 mesh) was applied, and nitrogen gas was set as the carrier gas. The temperatures of injector, detector, and column were kept at 80, 90, and 50 W C, respectively. The ATP content of anaerobic sludge was measured by quantification of the luminescence released from the reaction of luciferase with ATP as described previously (Yan et al. ) .
The activity assays of protease, AK, PTA, and Coenzyme F 420 , a key enzyme for methane formation, were conducted also according to the methods of Yan et al. (Yan et al. ) .
The fluorescence in situ hybridization (FISH) technique with 16S rRNA-targeted oligonucleotide probes was employed to monitor the difference of microbial communities. FISH assay of anaerobic microorganism withdrawn from the fermentation reactor was conducted using the same methods of Chen et al. (Chen et al. ) . In the obtained images all Bacteria (acidogens and acetogens) appeared green, Archaea (methanogens) yellow. The ratio of Bacteria to Archaea was determined from fraction area occupied by the different bacteria with image analysis system (Image-Pro Plus, V6.0, Media Cybernetics).
RESULTS AND DISCUSSION
Anaerobic biodegradability for methane production from WAS with low organic content pretreated at pH 10
As calculated from Table S1 (available online at http://www. iwaponline.com/wst/068/403.pdf), the ratio of VS/TS of WAS used in this study was about 0.38, indicating that the current WAS had a low organic matter content. Due to that the low organic content of WAS has become one of the main reasons for the low efficiency or failure of sludge anaerobic digestion; the alkaline pretreatment, in the present study, was therefore chosen to improve the methane potential of WAS with low organic content, which was assessed by BMP batch tests under mesophilic condition. The experimental results of methane production from the WAS pretreated at pH 10 are shown in Figure 1 . It can be seen that the methane potential from WAS with low organic content was improved significantly by alkaline pretreatment at any given anaerobic digestion time. For example, when the anaerobic digestion time was 15 d, the yield of methane from the unpretreated WAS was 65.9 mL/g VS, whereas it increased to 139.6 mL/ g VS as the WAS was pretreated at pH 10 for 4 h. The anaerobic digestion time also gave effects on methane potential when WAS with low organic content was pretreated by alkaline adjustment at pH 10. It was observed that the production of methane increased with anaerobic digestion time at any given pretreatment time. When the pretreatment time was 1 h, the methane production from WAS with digestion time of 10 d was 103.5 mL/g VS. As anaerobic digestion time was extended to 20 d, the methane production was enhanced to be 135.1 mL/g VS.
It can be concluded that not only was the production of methane from WAS with low organic content improved by alkaline pretreatment at pH 10, but also the digestion time was shortened. As the alkaline pretreatment time was more than 4 h, the suitable digestion time for methane production was shortened to 15 d ( 15 d, F ¼ 9,173.1, F crit ¼ 5.1, P ¼ 3.5 × 10 À11 <0.05; !15 d, F ¼ 6.3, F crit ¼ 7.7, P ¼ 0.1>0.05), compared with that when WAS was not pretreated (20 d). From the angle of engineering, the decrease of digestion time during WAS fermentation gave lots of economic benefits for methane production, such as the reduction of construction cost by the decrease of tank volume derived from that of digestion time, etc. Overall, both the performance of anaerobic digestion of WAS with low organic content was significantly improved and the operation time of WAS anaerobic digestion was shortened by alkaline pretreatment at pH 10.
In the literature, most of the studies about the influence of alkaline pretreatment on anaerobic digestion focused on sludge with a high concentration of organic matter. For example, Zhang et al. (Zhang et al. a) found that when the WAS with a high VS/TS ratio of 0.79 was pretreated by alkaline adjustment for 8 d, the methane production was significantly improved and the highest accumulative methane yield was 398.0 mL/g VS which was 4.4-, 3.5-and 3.1-fold of the blank (unpretreated), ultrasonic and thermal pretreated sludge, respectively. The current study showed that the maximum methane production was about 150.0 mL/g VS when WAS was pretreated at pH 10 for 2-12 h. The obtained lower methane yield was due to the lower organic content of sludge and the shortened alkaline pretreatment time compared with that obtained in the study of Zhang et al.
In the current study, when the pretreated WAS with low organic content was fermented for methane production under anaerobic conditions, a certain amount of SCFA was also detected ( Figure S1 ; see Supporting Information, available online at http://www.iwaponline.com/wst/068/403. pdf), and the order of individual SCFA concentration was acetic > propionic > butyric acid (detailed concentration was not shown here). As is well known, SCFA, especially acetic acid, was the most preferred carbon source for methane production. It was observed in Figure S1 that the concentration of SCFA from WAS decreased with alkaline pretreatment time, which meant that more SCFA was converted to methane in those anaerobic digestion systems. In the following text, the mechanisms for the improvement of methane production from WAS with low organic content by alkaline pretreatment at pH 10 will be investigated.
Solubilization of WAS with low organic content pretreated at pH 10
In this study, the solubilization of organic matter from WAS was expressed by the variations of SCOD concentration. Figure S2 (see Supporting Information, available online at http://www.iwaponline.com/wst/068/403.pdf) shows the effect of alkaline pretreatment at pH 10 on the solubilization of organic matter in WAS with low organic content. It can be seen that the concentration of SCOD, protein and carbohydrate from WAS was significantly influenced by alkaline pretreatment at pH 10. For example, when the WAS with low organic content was not pretreated, the concentration of SCOD was 457.1 mg/L. However, as the WAS was pretreated at pH 10 for 4 h, the concentration of SCOD increased to as high as 7,036.7 mg/L, more than 10 times that from the unpretreated WAS. Apparently, the solubilization of WAS with low organic content was accelerated by alkaline pretreatment at pH 10. It is noted that the concentration of SCOD from WAS at different pretreatment times was also different. The concentration of SCOD from WAS with low organic content increased with alkaline pretreatment time. When the pretreatment time was 12 h, the concentration of SCOD was 8,509.6 mg/L which was more than two times that with pretreatment time of 0.5 h (4,114.3 mg/L). In this study, the solubilization rate of sludge COD was also studied ( Figure S3 , available online at http://www.iwaponline.com/wst/068/403.pdf). It can be seen that the solubilization rate of sludge COD was enhanced by alkaline pretreatment. The solubilization rate of sludge COD with alkaline pretreatment time of 0.5 h was 7.1%, whereas it increased to 14.7% with 12 h. Obviously, the alkaline pretreatment at pH 10 gave lots of benefits for the solubilization of organic matter in WAS, which led to improvement of the following methane production.
COD balance in anaerobic digestion systems
Soluble protein and carbohydrate, SCFA, and methane were observed in the current fermentation system. On the basis of the experimental results, COD balance was determined. After the WAS with low organic content by alkaline pretreatment for different times was fermented for 15 d, COD balance analyses of anaerobic digestion systems were conducted and the results are shown in Figure S4 (see Supporting Information, available online at http://www.iwaponline.com/ wst/068/403.pdf). It was found that the COD amount of methane increased with alkaline pretreatment time. When the alkaline pretreatment time was 4 h, the COD amount of methane was 3.7 g, and the ratio of methane conversion was 34.7%, which was much higher than those obtained with unpretreated sludge (1.7 g and 16.4%).
General activities of anaerobic microorganisms
Usually, the production of methane from organic substrate is closely related with the activities of anaerobic microorganisms. ATP, a bioenergy source during the metabolic reactions, has been documented to be the most effective method for evaluating the general activities of anaerobic cells due to its presence in all living microorganisms, and is involved in most biochemical pathways and frequently applied as a biomass quality indicator (Zhang et al. b) . The effect of alkaline pretreatment at pH 10 on ATP content in anaerobic systems is shown in Figure S5 (see Supporting Information, available online at http://www.iwaponline.com/wst/068/ 403.pdf). It was observed that the concentration of ATP was affected significantly by alkaline pretreatment at pH 10. The concentration of ATP in anaerobic reactor fed with the WAS pretreated at pH 10 for 4 h was 1.85 μg/g VS, whereas it was only 0.52 μg/g VS with the unpretreated WAS. Nevertheless, further increase of alkaline pretreatment time from 4 to 12 h gave little improvement for ATP content. Clearly, the ATP content in anaerobic digestion systems showed good conformity with the production of methane from WAS.
Specific activities of key enzymes
During anaerobic digestion, the organic substrates undergo hydrolysis, acidification and methanation, and large amounts of enzymes participated in this metabolic pathway (Feng et al. ; Mu et al. ) . In the present study, however, the activities of only some key enzymes, such as protease, AK, PTA and F 420 , were measured. It is well known that protease plays an important role during the hydrolysis of sludge protein, and AK and PTA are responsible for the formation of acetic acid, F 420 for the production of methane. Table 1 lists the activities of those four key enzymes in anaerobic systems fed with WAS pretreated for different times. It can be seen that the activities of four enzymes was enhanced by alkaline pretreatment at The data are the averages of duplicate tests and their standard deviations, the unit of pretreatment time is h, the unit of AK and PTA is U/mg protein, and the unit of protease and F 420 is U/mg VS. pH 10. For example, the activity of protease was improved from 0.06 U/mg VS with the unpretreated WAS to 0.41 U/mg VS with the WAS pretreated for 4 h, that of AK from 2.05 to 4.39 U/mg protein and F 420 from 0.07 to 0.29 U/mg VS. The improvement of the activity of protease indicated that more protein from the pretreated sludge with low organic content was hydrolyzed into amino acids, and that of AK and PTA activities meant that more acetic acid was produced. When the activity of F 420 was enhanced, more acetic acid and carbon dioxide were bioconverted to methane in anaerobic systems, which was one the main reasons for the significant improvement in methane from WAS with low organic content by alkaline pretreatment at pH 10.
FISH assays of anaerobic microorganisms
It is well known that Archaea (such as methanogens) and Bacteria (such as acidogens and acetogens) are the main microorganisms in anaerobic digestion systems. Thus, in the current study the microbial reason for the enhancement of methane production from the pretreated sludge with low organic content was also investigated based on FISH assays. The main microorganism populations in anaerobic reactors with WAS pretreated at different times are shown in Figure 2 . It can be seen from the FISH images that the amount of Archaea plus Bacteria was different in anaerobic systems with WAS pretreated for different times. There were more Archaea and Bacteria when the anaerobic system was fed with the pretreated WAS, compared to that with unpretreated WAS. Further exploration found that the ratio of Archaea to Bacteria in anaerobic systems with unpretreated WAS and the pretreated one at pH 10 for 0.5, 1, 2, 4, 8 and 12 h was respectively 1.6:1, 3.5:1, 5.8:1, 14.3:1, 14.7:1, 14.9:1 and 15.1:1. Apparently, the ratio of Archaea to Bacteria increased with alkaline pretreatment time. In the current investigation, Archaea represent the methanogens responsible for the production of methane, and Bacteria the acid and hydrogen-forming microorganisms. Thus, the enhancement of methane production was further confirmed by the increase of the ratio of Archaea to Bacteria, i.e. the amount of methanogens.
CONCLUSIONS
In the current study, the solubilization and anaerobic biodegradability of WAS with low organic content could be improved by alkaline pretreatment at pH 10 in the time range of 0.5-12 h. The methane production from the current pretreated WAS was significantly higher than the unpretreated WAS, and a suitable condition for methane production was alkaline pretreatment time 4 h and digestion time 15 d. Microbial analysis revealed that the general activities of anaerobic microorganisms, specific activities of key enzymes and the amount of methanogens, which were closely related to methane production from WAS with low organic content, were also improved.
